Abstract -The utilization of electric vehicles has been suggested to support the frequency regulation of power system. Assuming that an intermediate aggregator exists, this study suggests a decentralized vehicle-to-grid operation scheme in which each vehicle-to-grid aggregator can behave independently of the power system operator. To implement this type of decentralized operation, this study adopts a price-based operation that has been proposed by many researches as an alternative operation scheme for the power system. In this environment, each vehicle-to-grid aggregator can determine its participation in vehicle-to-grid service in consideration of its residual energy of aggregated system and real-time market price. Consequently, the main purpose of this study is to verify whether or not the vehicle-to-grid power can effectively support the current frequency regulation function within the price-based operation scheme. Specifically, a frequency regulation method is proposed based on the real-time price signal, and a feedback controller for battery management is designed for decentralized vehicle-to-grid operation.
Introduction
Recent studies on frequency regulation using battery energy storage systems have received considerable attention [1] [2] [3] [4] because a battery is a suitable component for reducing frequency deviation given its fast response speed [3, 4] . However, a battery that only regulates frequency is not a cost-effective resource because of its heavy investment cost. Hence, the use of the idle energy in the small batteries of many parked electric vehicles (EVs) can be considered an alternative. The idea of utilizing EVs to support power system operation is called vehicle-to-grid (V2G) [5, 6] . Much recent research has focused on this concept.
A V2G control structure was proposed in [7] . This structure applies the inverter-based droop method to each EV without the help of a central entity. In contrast to [7] , an intermediate aggregator is introduced in [8, 9] to control many EVs. In these studies, the aggregated battery system is examined and the optimal charging strategy is derived based on the direct regulation signal from the power system operator.
The current study not only assumes the existence of an intermediate aggregator as in [8, 9] but also suggests a decentralized V2G operation scheme in which each V2G aggregator can behave independently of a power system operator. To implement this type of decentralized operation, this study adopts a price-based operation (PBO) that is proposed by many researches [10] [11] [12] as an alternative operation scheme for the power system. Within the PBO scheme, a system operator indirectly controls the power system by continuously publishing the real-time price to price-responsive participants [13] . In this environment, each V2G aggregator can determine its participation in V2G service in consideration of its residual energy of aggregated system and real-time market price. The V2G aggregator is labelled as the V2G service entity (V2GSE) in this study. Consequently, the main purpose of this research is to verify whether or not V2G power can effectively support the current frequency regulation function within the PBO scheme. Specifically, a frequency regulation method is proposed based on the real-time price signal for the V2GSE, and a feedback controller for battery management is designed for decentralized V2G operation. Although the basic concept of this study was introduced in [14] , its description the structure of the battery management controller is insufficient. Therefore, the current research details the specific structure of the battery management controller with two feedback loops, which consist of an inner feedback loop for managing the state of charge (SOC) and an outer feedback loop for generating the price.
The remainder of this paper is organized as follows. As a preliminary section, Section 2 describes a general V2G operation scheme and an aggregated battery model. Section 3 proposes a V2G control scheme based on the real-time price signal. It also presents a battery management controller design for decentralized V2G operation. Section 4 depicts the verification of the effectiveness of the proposed scheme by simulation with the IEEE 39 bus network. Section 5 presents the concluding remarks.
Preliminaries for the Decentralized V2G

Structure of the V2G operation
The V2GSE not only meets the electricity demand of each EV but also supplies aggregated power from EVs to the power system. The V2GSE can be categorized into two types depending on the location of the charging stations. One type is an entity that targets EVs in the parking lot of each office or residential building. In the other type, such transactions are conducted within the charging stations that sell the charging service in the downtown. These stations are similar to gas stations. Nonetheless, the second V2GSE type is unsuitable for frequency regulation because the staying time of the EVs in the downtown charging station is not long enough to provide stored energy to the power system in a timely manner. Therefore, the first V2GSE type in the parking lot is considered in the current study. Multiple V2GSEs of such a type are presumably available to support the frequency regulation function within a competitive V2G service market. The entire V2G operation scheme through V2GSEs is represented in Fig. 1 . 
Aggregated battery system
Each V2GSE has a virtual large battery that is composed of many small batteries that belong to the EVs in the charging station. The V2GSE always provides a charging service to the EVs in the charging station. It can also obtain power from the EVs; thus it can supply V2G power to the main power system when necessary. The specific V2GSE charging/discharging control depends on the charging requests from EVs and the market prices of electricity. In this study, the virtual aggregated battery system of V2GSE is modeled as a Thevenin-based model to represent the control scheme simply [15] . This aggregated model has an ideal voltage source in series with an internal resistance series R and a parallel RC circuit composed of t R and t C .
The parallel RC network represents battery response to transient load events. This model also has a Runtimebased function, which consists of a parallel RC circuit ( self -discharging R and capacity C ) and a dependent current source ( batt I ). This substructure estimates battery SOC through the voltage ( SOC V ) running throughout the current source. The overall structure of the aggregated battery model is illustrated in Fig. 2 . This model in Fig. 2 can be represented by the control block diagram exhibited in Fig. 3 .
A control signal is delayed by the value of d T , which includes battery system activation time and communication delay. The signal then passes through the first-order filter to eliminate high frequency signals. The signal is then converted into an electric current signal, denoted as batt I . The residual battery energy is estimated by the "coulomb counting" method [16] . The residual energy of the i-th electric vehicle is denoted as i EV RE . Then, the residual energy of the aggregated battery system, denoted as ( ) CR t , can be described as
where N(t) is the number of electric vehicles that participate at a certain time t. The full capacity of the aggregated battery is calculated by summing up each capacity
Relative SOC is then normalized to the battery capacity 
V2GSE measures the current residual energy of the aggregated battery using (1) and calculates SOC by dividing its result by that of (2) . The SOC of an aggregated battery at a certain time can be computed as presented in Fig. 4 . Eq. (3) shows that the value of the aggregated SOC ranges between 0% and 100%. However, the SOC of each EV should be limited within the range of 20% to 95% to benefit battery life. The output voltage of the battery is determined through the SOC lookup table in Fig. 5 , which defines a nonlinear relationship between the output voltage batt V and battery SOC.
The current study scales the practical experimental result in [15] 
The voltage that corresponds to an SOC value can be determined by employing the graph in Fig. 5 
Employment of the Decentralized V2G for Frequency Regulation
Price-based V2G operation scheme
A power mismatch is inherent in the power system because of demand fluctuation. The accumulated power mismatch over time is called an energy imbalance [17] . The energy imbalance is linearly related to the deviation in frequency from its nominal value (e.g., 60 Hz). The deviation is measured by the power system operator and is converted further into a change in real-time price signal through the real-time price generating process within the PBO scheme. The signal instructs price-responsive participants to manipulate their output so that the deviated frequency can revert to the nominal frequency. However, the frequency regulation performance of the current scheme is constrained by the ramp rate and reserve capacity limits of conventional generators. In this situation, V2GSE can support the frequency regulation with the aggregated battery system.
In contrast to the approach in other previous researches [8, 9] using the direct control of the central system operator, the virtual aggregated battery system in Fig. 3 is modified in this study to be capable of responding to real-time prices by adding a time differential block in front of the battery system. In the proposed model, the battery system takes as an input the derivative of the difference between real-time price and its own threshold price. The input signal represents the degree of energy imbalance in the power system. This method enables the battery system to adjust its charging/discharging power from/to the power system in consideration of the energy imbalance or the frequency deviation in the power system. Power is either charged/discharged by the battery management controller in front of the battery system depending on its SOC value. Each V2GSE decides independently on the basis of its own SOC. Thus, this process is decentralized and does not receive a command from a central operator.
Battery management controller of V2GSE
Each V2GSE provides a charging service to EVs in its charging stations. It also supplies energy to the power system when the real-time price becomes higher than its own threshold price. In this case, V2GSE sells the power to the grid until the price reaches the threshold. Conversely, V2GSE purchases power from the grid and charges the aggregated battery if the real-time price is lower than the threshold price. Meanwhile, the price fluctuates in accordance with the energy imbalance in the power system [12, 13] . Therefore, V2GSE cannot appropriately manage the SOC for the time-varying price input given a fixed threshold price. Each V2GSE determines the quantity of charging power independently along with the residual energy in its battery and the charging demand from EVs. This determination is represented through the threshold price Th λ . For example, if one V2GSE does not have sufficient SOC to provide charging services to an expected number of EVs at a certain time, then it increases its usual threshold price. To handle the continuous changes in both the charging demand of EVs and the real-time prices issued by the power system operator, V2GSE also adjusts its threshold price in real time based on a pre-scheduled SOC ( SCH SOC ). When the SOC level drops below the scheduled one, the discharging power should be diminished gradually by increasing the threshold price. In other words, V2GSE controls the deviation of its SOC value from the scheduled one that is close to zero.
The feedback process is described as in Fig. 6 This difference signal goes into the aggregated battery system ( ) H s . This aggregated battery system generates an SOC output and is fed into the battery management controller through a feedback loop. As an implementation of G(s), the various forms of a controller may be applied. As an implementation of G (s), various forms of a controller is possibly applied, whereas a typical PID controller is selected in this study. The optimal operation strategy of the battery management controller can be determined by a dynamic programming process on the basis of the fluctuation of historical frequency fluctuation and on the probability distribution of EV charging demands.
The dynamic programming approach to the inventory problem [18] can be applied to determine the optimal operation strategy of the battery management controller. The simplest part of the optimal solution can be described according to the result because the optimal operation strategy maintains its scheduled value for certain time duration regardless of demand uncertainty. The complete description of the optimal solution is very complex and is beyond the scope of this study; thus, the fixed value of the scheduled SOC value is applied as a given parameter in the short duration of this study.
The entire control structure of the proposed V2G scheme is described in Fig. 7 . This structure is applied to each V2GSE as in Fig. 1 . However, the specific control methods can differ from one another. Thus, the structure of the proposed scheme can be suitable for a decentralized V2G operation.
Simulation and Verification
Configuration
In the simulations, the i-th supplier is presumably based on market dynamics equations derived from [19] . This supplier is represented as , ,
where , g i P is the generated quantity; , , , g i gi gi b c P + is the marginal cost; , g i τ is the time constant; and m is the number of suppliers. Under the assumption of the IEEE 39 bus network, the values for these parameters are obtained from [13] and listed in Table 1 . The aggregated demand of 17 load buses is generated through the normally distributed random process. The variances of this demand profile and the sampling period of are set to 1/18 and 1 min, respectively. A demand profile of 100 min is shown in Fig. 8 . Furthermore, the simulations are performed using Matlab/Simulink software.
The simulations consist of three cases, as provided in Table 3 . Case I represents the general power system without the V2G scheme, and Case II is a simple, pricebased V2G scheme that cannot manage its SOC efficiently. Case III is the proposed price-based V2G scheme that has the SOC controller installed on the battery system. The controller parameter values for the three cases are listed in Table 2 .
The aggregated battery capacity of V2GSE is assumed to be 120 MWh in all cases. The price generating process ( ) K s is chosen from [13] 
The parameter values of the aggregated battery system change depending on the number of parked EVs. However, the altered parameter values rarely affect the dynamics of this system [9] . Therefore, the parameters are presumably fixed in the simulation as provided in Table 3 .
Simulation results
The simulation results are displayed in Fig. 9 . The magnified part of Fig. 9(a) indicates that the performance levels of the frequency regulation function are ordered as follows: Case I < Case II < Case III. In other words, the proposed scheme exerts the most useful effect on the frequency regulation function. . It is obviously that V2G resources can help frequency regulation function in power system comparing with Case I, even without battery suitable management controller. This result also implies that the charging and discharging speeds of the aggregated battery system can be controlled more effectively at a proper time by the battery management controller than in Case III rather than Case II. support the frequency regulation function within the PBO environment and that the proposed battery management controller operates effectively in a decentralized manner.
Conclusion
In this paper, a real-time control structure is proposed to implement the V2G system into the price-based scheme of power system operation effectively. The proposed structure specifies the structure of the battery management controller with two feedback loops; one is for SOC, and the other is for the real-time price. The threshold price is introduced to compare the difference between the current SOC and the pre-scheduled SOC with respect to real-time price. The final decision regarding charging/discharging can be made in the battery management controller based on the threshold price. In addition, the V2GSE battery management controller is designed to adjust its charging / discharging power based on its own residual energy in a decentralized manner. It is shown that the proposed method for V2G power can be very helpful for a frequency regulation function. It is also verified that the proposed structure is efficient for managing SOC in a decentralized operation scheme.
